Abstract. β-cell dysfunction is the primary cause of type 2 diabetes mellitus (T2DM). 1,2-dicarbonyl compounds, such as 3-deoxyglucosone (3DG) have been reported to increase the risk of T2DM. Abnormal elevation of plasma 3DG may impair β-cell function and thereby, it is linked to T2DM. Previous findings suggest that exogenous 3DG may serve an important role in the development of pre-diabetes. In the present study, the authors examine whether exogenous 3DG induces impaired glucose regulation in mice by decreasing β-cell function involving of accumulation of plasma 3DG. At two weeks following administration of 3DG, fasting blood glucose (FBG) levels, oral glucose tolerance (by a glucose meter) and plasma levels of 3DG (by HPLC) and insulin (by radioimmunoassay) were measured. Glucose-stimulated insulin secretion in cultured pancreas islets and INS-1 cells was measured by radioimmunoassay. Western blotting was used to examine the expression of the key molecules of the insulin-PI3K signaling pathway. 3DG treatment increased FBG and fasting blood insulin levels, reduced oral glucose tolerance in conjunction with decreased ∆ Ins 30-0 /∆G 30-0 . In 3DG-treated mice, an increase in the plasma 3DG level was observed, which was most likely the mechanism for decreased β-cell function. This idea was further supported by these results that non-cytotoxic 3DG concentration obviously decreased glucose-stimulated insulin secretion in cultured pancreas islets and INS-1 cells exposure to high glucose (25.5 mM). 3DG decreased the expression of GLUT2 and phosphorylation of IRS-1, PI3K-p85 and Akt in high glucose-induced INS-1 cells. To the best of the authors' knowledge, the present study is the first to demonstrate that exogenous 3DG induced normal mice to develop IGR, resulting from β-cell dysfunction. Exogenous 3DG administration increased plasma 3DG levels, which participates in inducing β-cell dysfunction, at least in part, through impairing IRS-1/PI3K/GLUT2 signaling.
Introduction
Pre-diabetes, referring to impaired fasting glucose and/or impaired glucose tolerance, manifest both core pathophysiological features of type 2 diabetes mellitus (T2DM), that is, insulin resistance and β-cell dysfunction (1, 2) . Several key insulin target tissues including muscle, fat and liver become resistant to the actions of insulin in the progression to pre-diabetes. Accumulated data have identified that pancreatic β-cells are also targets of insulin action (3) . Indeed, the insulin signal transduction pathway in β-cells serves a crucial role in regulating the synthesis, secretion of insulin and maintaining the growth, proliferation and survival of cells (4) . Furthermore, tissue-specific knockout of the insulin receptor (IR), insulin receptor substrate (IRS)-1 or IRS-2 in β-cells both display defects in insulin secretory responses to glucose stimuli (5) (6) (7) (8) . Considering the significant role of insulin on β-cells, insulin resistance is also thought to affect the functioning of β-cells in addition to that of the muscle, fat and liver tissues. Therefore, defects in insulin signaling in β-cells appear to be implicated in the pathogenesis of pre-diabetes. Phosphoinositide 3-kinase (PI3K) is proposed to be a key signaling molecule in insulin signaling. Insulin binds to the IR of β-cells, triggering receptor auto-phosphorylation, receptor tyrosine kinase activation, IRS-1 phosphorylation and PI3K activation (9) . The insulin-PI3 K signaling pathway has been demonstrated to be involved in regulating insulin secretion and insulin gene transcription (10, 11) .
1,2-dicarbonyl compounds, such as methylglyoxal (MGO) and 3-deoxyglucosone (3DG), which are easily formed from carbohydrates in caramelization and Maillard reactions in food, have been reported to increase the risk of T2DM and its complications (12, 13) . Indeed, MGO was also reported to induce insulin resistance in cultured L6 muscle cells (14) and 3T3-L1 adipocytes (15) through impairing insulin signaling pathways. Incubation of cultured INS-1 β-cells with MGO also impairs insulin signaling and insulin action on glucose-induced insulin secretion (16) . Despite advances in understanding of the pathogenesis linking MGO with T2DM, MGO has been reported to be less toxic than 3DG in embryonic malformation (17) . Furthermore, dietary intake of 3DG was estimated to be range from 20 to 160 mg/day, which is higher than that of MGO in the range of 5-20 mg/day, thus 3DG was proved to be the predominant 1,2-dicarbonyl compound (18) . Importantly, although 3DG has been reported to exert deleterious effects on many aspects similar to MGO (19) (20) (21) (22) , the previous findings surprisingly presented that MGO and 3DG modulated collagen expression differently (23) . Such observations are the important cause, which suggests that the role of 3DG on the development of T2DM deserves to be further investigated. Previously, exogenous 3DG was administrated to normal mice for two weeks and led to a significant increase in blood glucose concentration at 30 min during an oral glucose tolerance test (OGTT) (24) . These findings strongly suggest that exogenous 3DG may serve an important role in development of pre-diabetes. It has reported that the level of plasma 3DG was elevated ~two-fold in patients with diabetes, compared with healthy humans (25) (26) (27) . Previous studies of the authors indicated that there was an abnormal elevation of plasma 3DG in non-diabetic seniors, and the increasing accumulation of plasma 3DG may eventually leads to impaired glucose regulation (IGR) through decreasing insulin sensitivity and reducing insulin secretion (28) . These findings suggest that accumulation of endogenous 3DG may serve an important role in the development of diabetes. This idea is further supported by the previous finding that acute administrated 3DG to normal rats to achieve the pathologically relevant plasma levels of 3DG that induced glucose intolerance through impairing the insulin-PI3K signaling pathway involving insulin resistance and impaired β-cell function (29) . In addition, the authors indicated that 3DG induced insulin resistance in hepatocellular carcinoma cells HepG2 through impairing the insulin-PI3 K signaling pathway and insulin action on glucose uptake and glycogen synthesis (30) . These results are sufficient to indicate that abnormal elevation of circulating 3DG may participate in worsening of diabetic state and the development of diabetes, associated with the impairment of insulin action on target tissues. Importantly, β-cells maintain normal glucose tolerance by increasing insulin output in the present of insulin resistance, and only when β-cells are incapable of releasing sufficient insulin do glucose concentrations rise (31) . This islet-centered view is also reflected by current diabetes treatment options (32) . Finally, the dominant thought was that β-cell dysfunction was the main pathogenesis of T2DM. Therefore, β-cell dysfunction is believed to involve in the deleterious effects of exogenous 3DG on blood glucose concentrations. In this case, the link between exogenous 3DG and β-cell dysfunction may be increased plasma levels of 3DG, which remains to be clarified. The aim of the present work was to investigate whether continuous oral administration of 3DG leads to normal individuals developing IGR, resulting from β-cell dysfunction induced by an increase in plasma 3DG levels.
In the present study, 3DG was administered by gastric gavage to normal mice for two weeks to examine the plasma 3DG levels. The effects of intragastric administration of 3DG on the fasting blood glucose and oral glucose tolerance were investigated. In addition, the effect of 3DG on β-cell function in mice was assessed by calculating homeostasis model assessment (HOMA)-β and ∆Ins 30-0 /∆G 30-0 and in cultured pancreas islets and INS-1 cells by measuring glucose-stimulated insulin secretion (GSIS). Furthermore, the authors investigated the ability of 3DG to interfere with insulin-PI3K signaling in glucose-induced INS-1 cells.
Materials and methods

Synthesis of 3DG.
According to the method of Kato et al (33) , 3DG was synthesized from glucose as previously described (30) .
Determination of appropriate doses of intragastric administration of 3DG. Previous reports have estimated an average dietary 3DG intake of about 50 mg/day, based on the 3DG content in commonly consumed foods (18) . In order to achieve the equivocal effect of a potential 3DG intake of 50 mg/day, the authors calculated doses based on body surface area (6.5 mg/kg for mice and 4.5 mg/kg for rats). Previously, it was reported that intragastric administration of 5 mg/kg 3DG for two weeks increased blood glucose level under oral glucose tolerance tests in mice (24) . Therefore, the present study involved administration of 5, 20 and 50 mg/kg 3DG by gastric gavage.
Animals.
Male Kunming mice (6-8-weeks-old) and male Sprague-Dawley rats (11-weeks-old) were purchased from Joinn Laboratories Co., Ltd. (Suzhou, Jiangsu, China) and housed in a temperature-controlled room (23˚C) and 12-h light/dark cycle. All of animal experimental procedures were conducted in compliance with Guide for Care and Use of Laboratory Animals of the National Institutes of Health (Bethesda, MD, USA). The study was approved by the local ethic committee of Suzhou Hospital of Traditional Chinese Medicine (Suzhou, Jiangsu, China). The mice and rats had free access to a standard diet (Shuangshi Laboratory Animal Feed Science Co., Ltd., Suzhou, Jiangsu, China) and water. The mice were randomly distributed into four groups and each group consisted of six mice. They were treated with water (control group), 5 mg/kg 3DG, 20 mg/kg 3DG and 50 mg/kg 3DG by gastric gavage at 9:00 am every day for two weeks. Following two weeks, the mice were fasted overnight and killed following completion of an OGTT. In a second study, following overnight fasting, the rats were anaesthetized with pentobarbital sodium (50 mg/kg) and given intravenous injection of 3DG (5, 20 and 50 mg/kg). At 2 h, pancreas islet tissues were isolated and subsequently cultured for the measurement GSIS.
OGTT. The mice were fasted overnight, and then intragastric administration of 2.5 g/kg glucose was performed following measurement of the fasting blood glucose and fasting insulin levels. The blood glucose was detected at 30, 60 and 120 min, and the insulin level was detected at 30 min following the glucose load. The blood samples were obtained from caudal vein and a glucose meter determined blood glucose. Blood samples were obtained by enucleating the eyeballs and insulin concentration was determined using an insulin radioimmunoassay kit INS-1 cell culture and GSIS study. INS-1 cells were kindly provided by School of Biology and Basic Medical Sciences of Soochow University (Suzhou, Jiangsu, China). The islets and INS-1 cells were cultured in phenol-red free RPMI medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 11 mM glucose, 10% charcoal stripped fetal bovine serum, 1 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. For GSIS experiment, the cells were plated at a density of 4x10 3 per well in a 96-well plate overnight and then treated with and without different concentrations of 3DG (0, 80, 300 and 500 ng/ml) in RPMI1640 containing different glucose content (5.6 or 25.5 mM). Following incubation for 12 h at 37˚C in a humidified incubator, the culture solution was collected and MTT (5 mg/ml in PBS) was added to each well and incubated for 4 h, then the medium was totally removed. Finally, 0.1 ml buffered dimethyl sulfoxide (Wuxi Zhanwang Chemical Reagent Co., Ltd., Wuxi, Jiangsu, China) was added to each well. The absorbance was recorded on a microplate reader (Spectra Max M2e, Molecular Devices, LLC, Sunnyvale, CA, USA) at the wavelength of 490 nm. The insulin of the culture solution was detected by radioimmunoassay.
GSIS study of pancreas islets.
The rats were anaesthetized with pentobarbital sodium (50 mg/kg) and pancreas islet tissues were isolated. These tissues subsequently were chopped and digested by collagenase (1.5 mg/ml in RPMI1640) for 20 min at 37˚C for the measurement GSIS. Briefly, the digested pancreases were filtered and centrifuged at 3,000 x g at 4˚C. The supernatant was discarded, and the pellet was resuspended in the RPMI1640. The islet cells were plated at a density of 4x10 3 per well in 96-well plates overnight and then treated with different concentrations of 3DG (0, 80, 300 and 500 ng/ml) in RPMI1640 containing different glucose content (5.6 or 25.5 mM). Following incubation for 12 h at 37˚C in a humidified incubator, the insulin of the culture solution was detected by radioimmunoassay. In another study, the rats were anaesthetized with pentobarbital sodium (50 mg/kg) and given an intravenous injection of 3DG (5, 20 and 50 mg/kg). At 2 h, pancreas islet tissues were isolated and subsequently cultured for the measurement GSIS, as described previously (29) . The insulin of the culture solution was detected by radioimmunoassay.
Plasma 3DG measurement. At two weeks following intragastric administration of 3DG, the mice were sacrificed and blood sample was obtained from enucleating the eyeballs for the measurement of 3DG contents by high performance liquid chromatography, as described previously (29) .
Western blot analysis. INS-1 cells were grown to confluence in six-well culture dishes and incubated with different concentrations of 3DG (0, 80, 300 and 500 ng/ml) for 12 h under high glucose condition (25.5 mM). After 12 h of treatment, the cells were harvested and solubilized in IP lysine buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 2 mM SDS, 25 mM β-glycerophosphate, 1 mM EDTA, 1 mM Na3VO4 and 0.5 µg/ml leupeptin (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). Following centrifugation at 12,000 x g at 4˚C for 20 min, the supernatants were collected and used for Western blot analysis. The total protein concentrations were determined using a bicinchoninic acid protein (BCA) assay kit (cat. no. P0012; Beyotime Institute of Biotechnology) comprising BCA kit A (cat. no. P0012-1), BCA kit B (cat. no. P0012-2) and standard proteins (cat. no. P0012-3). The proteins (100 µg) were loaded onto a 12% SDS-polyacrylamide gel (Thermo Fisher Scientific, Inc.), then subjected to electrophoresis and transferred onto polyvinylidene fluoride membranes (Merck KGaA, Darmstadt, Germany). The membranes were blocked for 1 h in Tris-buffered saline with 1% Tween (TBST; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) containing 5% dry milk. The membranes were washed with phosphate-buffered saline (PBS; Beyotime Institute of Biotechnology) containing 0.05% Tween-20 3 times, and incubated at 4˚C overnight with the following antibodies: rabbit polyclonal anti-insulin receptor substrate 1 (IRS-1; cat. no. 2390), rabbit polyclonal anti-phospho-IRS-1 (IRS-1; cat. no. 3070), rabbit polyclonal anti-phosphoinositide 3-kinase (PI3K)-p85 (cat. no. 4292), rabbit polyclonal anti-Akt (cat. no. 9272) and rabbit polyclonal anti-phospho-Akt (Ser473; cat. no. 9271), all purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA; dilution, 1:1,000 each), and rabbit polyclonal anti-glucose transporter 2 (GLUT2; cat. no. ab54460), purchased from Abcam (Cambridge, UK; 1:500). Following washing 4 times for 5 min each in TBST, the membranes were incubated with goat anti-rabbit secondary antibody [1:1,000; cat. no. GAR0072; Multi Sciences (Lianke) Biotech Co., Ltd., Hangzhou, China] for 2 h and visualized using an ECL detection kit (cat. no. PE0010; Beijing Solarbio Science & Technology Co., Ltd.). Quantification of protein bands was performed using ImageJ software version 1.42 (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis.
Results of the experimental studies are expressed as mean ± standard deviation. Statistical significance of differences was analyzed by the Student's t-test or one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
The effects of intragastric administration of 3DG for two weeks on plasma 3DG levels, fasting blood glucose and oral glucose tolerance in mice. Given the evidence for the role of circulating 3DG in the development of pre-diabetes, the author firstly investigated whether continuous oral administration of 3DG increased plasma levels of 3DG. At two weeks following administration, the plasma level of 3DG was significantly increased in 3DG-treated mice compared with the control (control, 36.22±13.51 ng/ml; 5 mg/kg 3DG, 76.67±7.98 ng/ml; P<0.05; 20 mg/kg 3DG, 84.75±6.04 ng/ml; P<0.05; 50 mg/kg 3DG, 119.58±10.67 ng/ml; P<0.01; Fig. 1A) . Then, fasting blood glucose was measure in another two week 3DG administration experiment. The fasting blood glucose levels of 50 mg/kg 3DG-treated mice were higher than that of control mice (50 mg/kg 3DG vs. control, 5.45±0.603 mM vs. 4.644±0.413 mM; P<0.05; Fig. 1B ). 3DG-treated mice had impaired oral glucose tolerance in dose-dependent manner compared with control mice (Fig. 1C; 5 1D ; 20 mg/kg 3DG vs. control, P<0.05; 50 mg/kg 3DG vs. control, P<0.01). These results indicated the increased level of 3DG in the plasma may be responsible for the 3DG-induced IGR in mice.
The effects of intragastric administration of 3DG for two weeks on plasma insulin and the insulin secretion index in mice.
In consideration of the importance of β-cell dysfunction to the pathogenesis of pre-diabetes, the authors evaluated the potential damaging impact of exogenous 3DG on β-cell function (Fig. 2) . Under fasting conditions, there was a noticeable increase in plasma insulin levels between the control group (14.396±3.505 mIU/l) and 3DG-treated groups (20 mg/kg 3DG, 19.015±0.891 mIU/l, P<0.05; 50 mg/kg 3DG, 21.465±3.618 mIU/l, P<0.05; Fig. 2A ). Whereas no significant difference in insulin plasma levels was observed between 3DG-treated groups and control group 30 min following the glucose load (Fig. 2B) . In addition, compared with the control group, 3DG-treated mice with either 20 mg/kg dose or 50 mg/kg doses exhibited a significant reduction of ∆ Ins 30-0 /∆G 30-0 (the early phase of insulin secretion) (Fig. 2D, 20 mg/kg 3DG vs. control, 1.546±0.231 vs. 1.081±0.223, P<0.05; 50 mg/kg 3DG vs. control, 1.546±0.231 vs. 1.006±0.201, P<0.01) whereas no difference in HOMA-β was detected in 3DG-treated mice compared with control mice (Fig. 2C) . These results indicated that administration of exogenous 3DG could have the ability to affect β-cell function.
The effect of 3DG treatment on GSIS in cultured islets and INS-1 cells.
To further investigate the effect of 3DG on β-cell function, the GSIS was measured in cultured pancreas islets and INS-1 cells (Fig. 3) . Compared with the control group, GSIS in cultured pancreas islets and INS-1 cells treatment with 3DG was decreased following exposure to high glucose (25.5 mM; Fig. 3A and C) . Furthermore, under the conditions tested 3DG at concentrations of 80, 300 and 500 ng/ml failed to alter INS-1 viability. Additionally, as demonstrated in Fig. 3D , high GSIS was lower in cultured pancreas islets from the acute intravenous injection of 3DG-treated rats than that of control rats (5 mg/kg 3DG vs. control, 0.93-fold, P<0.05; 20 mg/kg 3DG vs. control, 0.86-fold, P<0.01; 50 mg/kg 3DG vs. control, 0.79-fold, P<0.01). However, there was no significant difference among the different groups under low glucose condition (5.6 mM; Fig. 3B, C and D) . Finally, 3DG is demonstrated to exert deleterious effects on insulin secretion under high glucose condition.
The effects of 3DG treatment on insulin signaling in INS-1 cells.
The authors further explored a potential mechanism by which 3DG decreased insulin levels in response to a high glucose challenge. Considering the significant role of insulin on β-cell function, the ability of 3DG to impair insulin signaling in the INS-1 β-cell line was investigated. Thus, the phosphorylation levels of IRS-1 and PI3K/Akt signaling molecules involved in GSIS were investigated in 3DG-treated cells co-incubated with high glucose (25.5 mM) for 12 h. As presented in Fig. 4A and B, 3DG treatment with INS-1 cells led to a significant reduction of IRS-1, PI3K-p85 and Akt phosphorylation in a dose dependent manner. These results suggested that 3DG treatment impaired insulin secretion, at least in part, through interfering with insulin-PI3K signaling. The idea was further supported by the fact that 3DG treatment decreased the expression of GLUT2 (Fig. 4C) .
Discussion
The objective of the present study was to investigate the effects of continuous intragastric administration of a dietary composition, 3DG, on fasting blood glucose levels, oral glucose tolerance, plasma 3DG levels and β-cell function in normal mice. The study has confirmed that normal mice developed impaired glucose tolerance in conjunction with slightly increased fasting blood glucose concentrations, associated with the impaired β-cell function. This occurred together with an obvious increase in plasma 3DG levels following administration of 3DG that further support for the impaired β-cell function.
Impaired glucose regulation (IGR) has been recognized as a high risk state for type 2 diabetes mellitus (T2DM). The rapid conversion of pre-diabetes to T2DM (annualized conversion rate in the range of 5-10%) and the increasing prevalence of pre-diabetes (>470 million people projected to live with pre-diabetes worldwide by 2030) resulting in an ever-increasing prevalence of T2DM (34) . A significance of dietary factors on understanding of the epidemic has been well recognized. The increased intake of dietary carbohydrate or fat has been clearly demonstrated to be important to development of pre-diabetes (35) . Aside from the known nutrient composition, other dietary factors seem to serve an essential part. This result clearly indicates that 3DG, the predominant 1,2-dicarbonyl compound in foods, was administrated to normal mice by gastric gavage for two weeks to induce the development of IGR (Fig. 1) . IGR may be due to decreased β-cell function and/or an impairment in insulin action on peripheral tissues. Several studies have documented that decreased β-cell function is already present in the IGR and gradually recognized to be the primary cause of IGR (2, 36, 37) . Furthermore, at concentrations similar to those obtained from plasma contents in 3DG-treated mice, 3DG directly decreased GSIS in a dose-dependent manner in cultured pancreas islets and INS-1 cells under high glucose conditions (Fig. 3A and C) , which further provide a possible explanation for the observed β-cell dysfunction in 3DG-treated mice. In addition, a rise in the fasting glucose concentrations within the normal range was observed in 3DG-treated mice (Fig. 1B) , is suggested to be due to a continuous fall in β-cell function (38) . A previous report documented that the acute elevated plasma 3DG through the intravenous injection impaired β-cell function (29) . In the present study, increased plasma 3DG levels in 3DG-treated mice were observed (Fig. 1A) . These results not only further support the role of β-cell dysfunction in IGR, but suggested that abnormal elevation of circulating 3DG participates in inducing a decreased β-cell function. The function of β-cells depends on glucose uptake and the subsequent signaling pathways that influence insulin secretion. The uptake of glucose in pancreatic β-cells is primarily mediated by GLUT2 that permits rapid glucose uptake regardless of the extracellular sugar concentration, and is identified in high levels in β-cells (39) . Previous reports have documented that GLUT2 is one of key mechanisms in control of glucose-dependent insulin secretion (40, 41) . In the present study, treatment with 3DG decreased the expression of GLUT2 in high glucose-induced INS-1 cells (Fig. 4) , which partly accounts for the decreased GSIS. This occurs together with a significant reduction in the phosphorylation levels of IRS-1, p85-PI3K and Akt, which further confirmed the effect of 3DG on GLUT2 expression (Fig. 4) . The finding in INS-1 cells is consistent with those obtained in hepatocellular carcinoma cells HepG2, in which 3DG impairs insulin signaling (30) . In addition to regulating GLUT2 (42), pancreatic and duodenal homeobox factor-1 (PDX-1) is also a key downstream molecule of the insulin-PI3K signal pathway (43) . It has been reported that decreased PDX-1 expression results in a reduction in insulin mRNA expression and impairment of glucose stimulated insulin secretion (44) . Additionally, the insulin-PI3K signal pathway participates in modulating intracellular Ca 2+ flux that directly affects the rate of exocytosis of insulin (10) . Therefore, 3DG decreased β-cell function, at least in part, through interfering with the insulin-PI3K signaling pathway. On the basis of these results, it is not known how 3DG impairs insulin signaling, but we can just speculate about the mechanistic insight. 1) 3DG was reported to cause the direct chemical modification of lysine and arginine residues in proteins by binding (45) , which may lead to a decrease in the expression of the corresponding proteins. 2) A number of observations indicate that dicarbonyl compounds, including 3DG and MGO, impair intracellular signaling via the production of reactive oxygen species (20) .
3) The ability of 3DG to impair insulin signaling may be indirectly mediated by producing advanced glycation end products.
Although a single oral administration study has indicated that the absorption rate of 3DG from foodstuffs is very slow (33) , it is unknown whether continuous oral administration of 3DG causes an increased plasma 3DG levels in normal individuals. In presented experiments, the level of plasma 3DG was elevated ~two-fold in the range of 76-119 ng/ml following 2-week administration of 3DG in mice that were already at the pre-diabetic stage. The elevated 3DG levels in plasma are primarily attributed to the intake of exogenous 3DG. The current study suggested a potential action pathway linking exogenous 3DG and development of pre-diabetes though an increase in the plasma 3DG levels.
In summary, it is the first demonstration that exogenous 3DG at two weeks following intragastric administration led normal mice to develop IGR resulting from β-cell dysfunction. In addition, the present study demonstrated that increased plasma 3DG levels in the 3DG-treated mice participates in inducing β-cell dysfunction, at least in part, through impairing with insulin-PI3K signaling, which provides the link between exogenous 3DG and the development of IGR. The study suggests a pathogenic mechanism linking between dietary and β-cell dysfunction with the cumulative toxicity of 3DG given daily, thus 3DG may be a novel target for protection of β-cell function and treatment and prevention of IGR.
